I. INTRODUCTION
The advancement of future wireless and radar applications requires the use of high performance phased array antennas. In spite of the significant advances in phased array antenna technologies, there has always been a need for developing energy efficient and low cost arrays with beam steering capabilities. In this paper we describe an attempt towards achieving this goal through the integrated use of Ferroelectric materials and the CTS antenna array technology.
The coplanar waveguide fed continuous transverse stub antenna (CPW-CTS) was first demonstrated in [1] , and advantages of this new design include low cost, low profile, light weight, and a very simple planar microstrip feed configuration. Our group has recently developed a technique that employs a novel multi-dielectric approach to coplanar waveguide Ferroelectric phase shifters where a layer of low loss, non-tunable dielectric such as silicon dioxide (SiO 2 ) was placed in between the Ferroelectric material (Ba x Sr 1-x TiO 3 (Barium Strontium Titanate)) and the metal conductors. This approach significantly improved the insertion loss by nearly three fold in conjunction with maintaining significant fraction of the tunability [2] .
In this paper, we describe an integrated phased array antenna approach that combines the multidielectric Ferroelectric phase shifter design and the CTS antenna technology to form a phased array antenna with electronic beam scanning capabilities. A new approach for biasing the Ferroelectric material in the multi-dielectric structure was developed and simulation results show the potential distribution across the Ferroelectric material under DC bias conditions is effective.
II. FERROELECTRIC PHASE SHIFTER DESIGN
The use of Ferroelectric materials was met with extreme challenges as the high value of the dielectric constant of these materials results in a significant reduction in the input impedance of the loaded devices; hence, unacceptably large values of ohmic losses. Our group has recently developed a technique to overcome this difficulty by employing a novel multilayer dielectric materials design that while overcame the return and insertion losses limitations of available designs, it resulted in a challenging biasing arrangement [2] . If DC biasing is to be done using a biasing tee, it is expected that much of the potential distribution will be concentrated in the SiO 2 layer above (rather than within) the Ferroelectric layer. To quantify the potential distribution across the Ferroelectric substrate between bias states, the method of finite differences was employed for analysis. With a conductor thickness of 0.25µm, an isotropic Ferroelectric permittivity ε xx = ε yy = 700, a conductor width = 4µm and gap width = 10µm, Figure 1 illustrates that the potential distribution is primarily concentrated in the SiO 2 and hence verifies the stated assumptions.
An alternative approach to address the biasing issue is illustrated in Figure 2a . The new design includes the formation of a via through the silicon oxide layer under the center conductor while maintaining a thin layer of oxide under the ground plane regions. The direct contact between the center conductor the Ferroelectric layer allows for simple biasing. Simulation results of the potential distribution are shown in Figure 3 . These results compare the multi-dielectric design shown in Figure 2a to the direct metallization design shown in Figure 2b [3] . It can be seen that similar to the direct metallization case [3] and with 1V bias, the potential distribution penetrates deeper into the Ferroelectric material for the multilayer design. These results indicate that adequate polarization across Ferroelectric material may be realized with the formation of a via under the center conductor. It is important at this stage to examine the phase shifter performance under this new biasing approach. For this purpose a new design with 0.1µm silicon oxide layer was implemented in the multi-dielectric approach, and the simulation results were compared with measured data of the direct metallization approach. As a direct comparison, both cases were simulated with a gap width =16.4µm, signal conductor width = 32.76µm, conductor thickness = 0.25µm, Ferroelectric thickness = 0.5µm, and LaAlO 3 thickness = 508µm. Simulations were performed using LINPAR, a method of moments based software package for transmission line analysis. With a Ferroelectric dielectric constant swing between ε r (V=0V)=723(1-j0.01) and ε r (V=40V)=441(1-j0.01) and a metal conductivity of 6.14E7 S/m (silver), the Figure of Merit (FOM) improved by nearly 12 o /dB at 10 GHz, where the FOM is defined as the ratio between the amount of phase change and the insertion loss for the unbiased (high dielectric constant) state. 
III. CPW-CTS ARRAY ANTENNA
A new design for a single element CPW-CTS was described in [1] . In this paper, we extend the design to include three elements, forming a traveling wave antenna. A three element array was modeled using WIPL-D and a prototype was developed at X-band. Figure 4a shows a photograph of the prototype where the dimensions are in millimeters and where the dimensions of the coplanar waveguide feed and load lines were designed to provide 50Ω impedance. The center to center spacings of the radiating elements were fixed at ~λ ο /2 at the design frequency of 9.75GHz. The measured and predicted E-plane radiation patterns are shown in Figure 4b and illustrates that the linearly polarized array demonstrated a half power beam width of ~36 o . The return and insertion losses are shown in Figure 4c for both the measured and simulated data. The measured return loss produced a 10-dB bandwidth of nearly 4% with over 70% of radiated power. The radiated power is the difference between the incident power (at the feed) and the transferred power (at the load). 
IV. CPW-CTS ARRAY ANTENNA
The CPW-CTS antenna array described above and the newly designed Ferroelectric phase shifter may be integrated to form a phased array antenna with beam steering capabilities. The multi-layer Ferroelectric phase shifter need only be integrated between the radiating elements to allow appropriate phase change and hence enable electronic beam scanning capabilities. The multilayer coplanar waveguide phase shifter described in Section II provides adequate tunability, good impedance matching and low attenuation. The phased array antenna is illustrated in Figure  5a . The radiating elements are tapered and are narrow at the base and wider at the top. Even with the tapered geometry it is possible to use longer sections of transmission line between stub elements, thus maximizing phase shift. Figure 5b shows in more details the structural aspects of the proposed design. Ferroelectric material is placed only in between the radiating elements,
and the center conductor in the coplanar waveguide penetrates the silicon oxide layer and in direct contact with the Ferroelectric layer. Simulation results in Figure 6 shows that with a Ferroelectric permittivity swing between ε r =800 (unbiased) and ε r =200 (biased) nearly 31 o of electronic beam scanning may be achieved at 10 GHz. The return loss was better than -10 dB at 10 GHz for both biased and unbiased states indicating well suitable input impedance. A phased array antenna with electronic beam scanning capabilities was designed based on the integration of the multilayer Ferroelectric phase shifter and the coplanar waveguide continuous transverse stub technology. A new biasing approach for the multi-dielectric layer phase shifter is proposed and simulation results demonstrated its effectiveness in biasing the tunable Ferroelectric layer. High frequency simulation of the new phase shifter design showed performance similar to the one reported earlier [2] . The phased array antenna design, on the other hand, is based on the new coplanar waveguide implementation described in [1] . A three element phased array was designed at 10GHz and the obtained simulation results of the integrated phase shifter and CTS designs demonstrated nearly 31 o of beam scanning in conjunction with good impedance match. Efforts to develop designs that increase the beam steering capabilities are underway. Experimental verification of these simulation results for both the phase shifters and the integrated phase shifter/CTS phased array antenna design are currently being pursued.
